Abstract -This paper presents a method for wheel-ground contact angle measurement and a traction control strategy minimizing slip in rough terrain. The slip minimization algorithm has been tested and compared with a standard speed control in simulation, which allows to verify the validity of the assumptions taken during the modeling phase. The simulations show clearly the advantage of torque control versus speed control. Furthermore, the proposed method has the advantage to avoid relying on complex wheel-soil interaction models, whose parameters are generally unknown in challenging terrains.
I. INTRODUCTION
For wheeled rough terrain rovers, the motion optimization is somewhat related to minimizing slip. Minimizing wheel slip not only limits odometric error but also increases the robot's climbing performance. In order to fulfill this goal, several methods have been developed.
Methods derived from the well known Anti-lock Braking System (ABS) can be used for rough terrain rovers. This technique, essentially developed for the car industry, uses the information of wheel slip to correct individual wheel speed, and thus allows to limit slip. A similar method has been implemented for the Nasa FIDO rover [1] . It is based on a velocity synchronization algorithm which minimizes the effect of the wheels "fighting" one another. The first step consists in detecting which of the wheels are deviating significantly from the nominal velocity profile. Then a voting scheme is used to compute the required velocity set point change for each individual wheel.
Such methods account neither for the kinematic nor for the physical model of the rover. They are thus expected to have some limitation in very challenging terrains (3D). Furthermore, wheel velocities are updated when slip already occurred and the system reacts only with a certain delay. In order to limit the reaction time and minimize the probability of slip, control techniques based on rover physical models have been developed. [2] presents a control methodology which can minimize power consumption in relatively flat terrain and maximize traction in highly uneven terrains. The models and results have been developed for the 2D case only. An extension to 3D, considering the traction maximization, is proposed in [3] . (Note that traction maximization is similar to slip minimization)
There are several limitations to the physics-based methods that prevent the controller to be implemented on a real rover. The main obstacle is that the wheel-ground interaction models are considered to be known. In practice, the model parameters are generally difficult to estimate and are valid only for a specific type of soil and condition. [4] proposes a method for estimating the soil parameters as the robot moves, but it is limited to a rigid wheel traveling through a deformable terrain. In practice, these models are difficult to use because the rover wheels are subject to roll on different kinds of terrain, whose parameters can change quickly.
Another key variable for traction optimization algorithms is the contact angles between the wheels and the ground. These angles can be estimated using indirect methods such as presented in [5] and [6] . They are based on wheel encoders, inclinometer and joint angle sensors. The accuracy of the estimation strongly depends on wheel slip and terrain profile. In particular, no estimation can be computed when the rover is still and poor results are obtained in slowly changing terrain profiles. Furthermore, such methods suffer from the chicken and egg paradoxe. Bad wheel-ground contact angle estimations lead to unadapted motor commands, which implies wheel slip and bad angles. Thus, direct measurement is required in order to be independent of the terrain profile and characteristics and to guarantee the system stability.
This paper proposes concrete solutions for avoiding problems related to model parameters and wheel-ground contact angle estimation. Together with 3D simulations, this allows reducing the gap between the theory and the real application.
Section 2 presents the rover used in the framework of this research and a tactile wheel design. A short review of our torque control method minimizing wheel slip is presented in section 3 and 4. Section 5 contains the proposed speedtorque controller, allowing to get rid of terrain parameter estimation. The 3D physical simulation results are presented in section 5. Finally, the last two sections conclude the publication.
II. TECHNICAL ASPECTS

A. The SOLERO Rover
The mechanical structure of SOLERO is similar to that of Shrimp, a rough terrain rover developed at EPFL in 1999 [7] [8]. This passive structure shows excellent climbing abilities without any specific active control. As shown in Fig. 1 , SOLERO has one wheel mounted on a fork in the front, one wheel attached to the main body at the rear and two bogies on each side. The parallel architecture of the bogies and the spring suspended fork provide a high ground clearance while keeping all six motorized wheels in ground-contact at any time. This ensures excellent climbing capabilities over obstacles two times higher than the wheel diameter and an excellent adaptation to all kinds of terrains.
B. Tactile wheel
As discussed in the introduction, the estimation of wheelground contact angles is a critical issue. An alternative to indirect estimation methods is to directly measure the forces on the wheel periphery. This can be done using flexible wheels equipped with sensors measuring deflection. An example of such a device is depicted in Fig. 2 and more information can be found in [9] .
The wheel-ground contact angle is computed with a weighted mean of the sensor signals. This way, a smooth transition is obtained when dealing with difficult terrain profile such as depicted in Fig. 2b .
III. QUASI-STATIC MODEL
The intent is to formulate a holistic model of a robot to optimize the control of the wheel motor torques in order to minimize wheel slip. Therefore it is helpful to review the governing equations on wheel slip.
The wheel is balanced if the friction force fulfills the following inequation (this case represents static friction)
where N is the normal force acting on the wheel and µ o the static friction coefficient. If the friction force can't balance the system, the wheel slips. In order to avoid slip, the friction force, which depends directly on the motor torque M, should satisfy the equation where T is the traction force and R the wheel radius. Equation (2) suggests that there are two ways to reduce wheel slip. First, assume that µ o is known and set . In fact, it is difficult to know µ o precisely because it depends on the kind of wheel-soil interaction. During exploration, the kind of soil interacting with the wheels isn't known making µ o impossible to pre-determine.
Another way to avoid wheel slip is to first assume that the wheel does not slip. It is then possible to calculate the forces T and N as a function of the torque and the result is optimized in order to minimize the ratio T/N. Accounting for the previous assumption µ n is similar to a friction coefficient. By minimizing this ratio, then minimizing µ n , we optimize our chances that this coefficient is smaller than the real friction coefficient µ o . If this is true, there is no slip. Therefore, it is possible to minimize the ratio T/N without knowing the real static friction coefficient. The second method is used here, because it is more robust. However, the determination of the parameters T and N require a model of the mobile robot.
A. Mobility analysis
The mobility of a rolling robot in straight motion should ideally be one, indicating that the robot can move in a constrained direction. Grubler's Mobility equation in three dimensions can be described as where n is the number of mechanical parts and f j the number of joints of each type ( j = 1,..,5, for example f 1 : the number of pin joints, f 3 : the number of spherical joints). The mobility equation is a guideline for determining if a system is statically determinate. The tactile wheel (developed at EPFL by Michel Lauria). a) sixteen infrared proximity sensors measure the tire compression all around the wheel. b) picture of the front wheel of the robot Octopus, equipped with tactile wheels [9] .
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the error associated with a quasi-static solution. While the modeled kinematic chain is a simplification, it can be good enough to support motor control.
Example for the SOLERO
In a first step, we can consider the wheel-ground contacts as spherical joints and all the pin joints in the mechanism as 1DOF revolute. For the SOLERO, the calculation of the mobility using equation (4) is -20 rather than 1. The system is, therefore, significantly hyper static and requires a modified model for a possible quasi-static solution. Two significant modifications to joint degrees of freedom assist the model.
The first one involves the representation of the wheelground joint mobility. For a standard wheel without slip, the joint that represents the wheel-ground contact can be modelled as a spherical joint allowing three degrees of freedom (rotations about the three axes). Motor torque on the wheels will directly affect the forces in that contact plane. Lateral forces are not influenced by the motor torque. Therefore, the system was modelled with the lateral forces being carried by the wheel fixed to the body and the wheel on the front fork. The wheels on the bogies were modelled with no resistance in the lateral direction (4 degrees of freedom).
The second modification acts on the representation of the redundant kinematic chains. It is possible to model selected joints on redundant kinematic chains with greater degrees of freedom. This results in force being transmitted through direct flow patterns. Because the model is being used to optimize motor torques, inaccuracies in the internal linkage forces can have minimal effect. Fig. 3 shows the resulting kinematic model of the SOLE-RO mobile robot. The numbers at the link connections indicate the degrees-of-freedom of that joint.
The final mobility can then be calculated using equation (4) to produce
B. Quasi-static model of a robotic system
For a 3D static model, 6 equations (3 torques and 3 forces) are applied to each body, containing ground reaction forces, gravity forces (weight) and external forces. Dynamic forces are considered to be negligible because the speed is low (smaller than 0.1 m/s for exploration rovers [12] ) . Therefore, the model is referred to as quasi-static.
Model of the SOLERO
The SOLERO has 18 parts and is characterized by 6×18 = 108 independent equations describing the static equilibrium of each part and involving 14 external ground forces, 6 internal wheel torques and 93 internal forces and torques for a total of 113 unknowns. The weight of the fork and the bogies link has been neglected whereas the weight of the main body and the wheels is considered.
Of course, it is possible to reduce this set of independent equations because we have no interest in implicitly calculating the internal forces of the system. The variables of interest are the 3 ground contact forces on the front and the back wheel, the 2 ground contact forces on each wheel of the bogies and the 6 wheel torques. This makes 20 unknowns of interest and the system could be reduced to 20 -(113 -108) = 15 equations. This leads to the following matrix equation:
where M is the model matrix depending on the geometric parameters and the state of the robot, U a vector containing the unknown and R a constant vector.
IV. TORQUE OPTIMIZATION
The controllable inputs of the system are the six wheel torques. Since there are five more unknowns than equations it is possible to write an equation expressing the torques as linearly dependant. The 14 other equations define the external forces as a function of the torques.
The model of the SOLERO is indeterminate because there are less equations than variables and the set of solutions is of dimension five (number of wheels -1). The goal of the optimization is to minimize slip. This can be achieved by maximizing the traction forces, which is equivalent to minimizing the function for the wheels [2] . Because the system of equations is non-linear, a numerical method is implemented. The optimization uses a combination of different algorithms and is depicted in Fig. 4 
. Firstly the Equal Torques solution is checked versus the following constraints
• Motor saturation: the torques of the optimal solution must be smaller than the maximal available torque.
• Normal forces: the normal forces N i must be greater than zero.
If this solution is valid, it is taken as the initial solution for the Fixed Point optimization (A).
If it doesn't fulfill the constraints, a valid initial solution is computed using the Simplex Method (B). The optimal solution is then provided either by (A) or the Gradient optimization (C), which is a standard gradient descent optimization. 
The optimization algorithm has been tested for around twenty thousand states generated automatically considering different angles for each input parameter. 80% of the computed torques correspond to a friction coefficient smaller than 0.6. This allows to limit the slip of the wheels in most of the situations.
The execution times for the algorithms A, B and C are 6 ms, 5 ms and 20 ms respectively (1.5 GHz processor). The worst case is about 31 ms. However, as it can be seen in Fig. 4 , the majority of the states are handled in 6 ms.
V. ROVER MOTION
The optimal torques obtained in the previous section minimize the risk of slip in pseudo-static conditions. For constant speed motion, an additional motor torque must be added in order to compensate the rolling resistance torque.
In [3] the Hertz-Föppl rolling resistance model ( [11] ) has been incorporated into the global model to guarantee the rover motion. However, as discussed in the introduction, it is difficult to estimate the model parameters. Furthermore, a small estimation error would cause the rover to constantly accelerate or decelerate. For these reasons an additional control loop has been introduced in order to both ensure stability and estimate the rolling resistance. The global control system is depicted in Fig. 5 .
The kernel of the control loop is a PID controller. It provides the additional torque to apply to the wheels in order to reach the desired velocity V d . M c is actually an estimate of the global rolling resistance torque M r , which is considered as a perturbation by the PID controller. The rejection of the perturbation is guaranteed by the integral term of the PID. Because the rolling resistance is proportional to the normal force, the individual corrections for the wheels are distributed using where N i is the normal force on wheel i and N m the average of all the normal forces.
The derivative term of the PID allows to account for non modeled dynamic effects and helps to stabilize the system. The parameters estimation for the controller is not critical because we are more interested in minimizing slip than in reaching the desired velocity in an optimal way. For locomotion in rough terrain, a residual error on the velocity can be accepted as long as slip is minimized. Furthermore, the system offers an intrinsic stability because the ratio between inertia and motor torques is large.
VI. EXPERIMENTAL RESULTS
A simulation phase has been initiated in order to test the algorithms and verify the theoretical concepts and assumptions. The simulation parameters have been set as close as possible to the real operation conditions. However, the intent is not to get exact outputs but to compare different control strategies and detect/solve potential implementation problems.
A. Simulation tools
Simulations have been performed with the Open Dynamics Engine (ODE). This engine is a platform independent and open source library for simulating rigid body dynamics in three dimensions. It has advanced joint types and integrated collision detection with friction. The source code being available it is possible to integrate more sophisticated simulation models such as rolling resistance, friction etc. In this application, a rolling resistance proportional to the normal force on the wheel has been implemented. This relation is generally assumed in the literature. Table 1 presents a nonexhaustive list of the real rover parameters, which have been used in the simulation. All the geometric dimensions have been extracted from the mechanical drawings.
The simulation tools allow to test and compare different traction control strategies. In these experiments, wheel slip has been taken as the main benchmark and the performance of torque and speed control have be compared. The imple- 5 Global rover motion control. The vector s includes the wheelground contact angles, the internal links and the roll and pitch angles. V r can be estimated by using onboard sensors fusion (see [10] for 3d motion estimation of SOLERO) The slip of wheel i at time step k can be computed with:
where is the true wheel displacement, the angular change and R the wheel radius. The total slip of the rover occurring during an experiment is defined as
The body collision algorithm of ODE provides n contact points around the wheel together with the normal forces. This data is similar to what can be measured with a tactile wheel (the tire compression is more or less proportional to the applied force). Moreover, the same method as presented in section II is used to compute the wheel-ground contact angles. In case the wheel does not touch the ground, the previously computed contact angle is taken.
B. Experiments
Two sets of experiments have been conducted. The first set comprises different terrain profiles in two dimensions (x and z) and the second, full 3D environments. In both cases, the nominal speed of the rover is 0.1 m/s and the friction coefficient has been set equal to 0.7.
Experiment set of type one
Terrain profiles similar to the one depicted in Fig. 6 have been generated and the simulation performed with both torque (our method) and speed control ( [1] ). Thanks to the terrain symmetry, the gravity center trajectories are the same whatever control type is used. Fig. 7 depicts typical results that have been obtained on such terrains. For a specific wheel, slip can be locally higher with torque control than with speed control. However, the total slip remains always smaller with torque control for all the experiments. Another interesting result is that the difference between the two methods increases when the friction coefficient gets lower. In other words, the advantage of using torque control becomes more and more interesting as the soil gets more slipery.
Experiment set of type two
Here, full three dimensional terrains are used for the experiments. They have been generated randomly with step, sinus, circle and particle deposition functions. This time, because the terrains are not symmetric, the trajectory of the rover depends on the control strategy. Therefore it is difficult to compare performance between torque and speed control. However, we have considered an experiment as valid when the distance between the final positions of both trajectories is smaller than 0.1 m. This distance is small enough to allow performance comparison. For all the valid experiments, torque control showed better performance than speed control. In some cases the rover was even unable to climb some obstacles and to reach the final distance when driven with speed control. Otherwise, the simulations lead to the same conclusion as for the experiments of type one. Fig. 8 depicts one of the terrains used for the simulations and Fig. 9 the corresponding results. Rear wheel slip (spd) Rear wheel slip (trq) Rover total slip (spd, scaled) Rover total slip (trq, scaled) Fig. 7 Total slip and rear wheel slip for both speed (spd) and torque (trq) control. Total slip is scaled by a factor of 500. Locally wheel slip can be bigger with torque control but the total slip remains always smaller: 31% better than speed control. Fig. 8 Snapshots of an experiment of type two. The total travelled distance along x is 3.5m. That kind of terrain is challenging for a wheeled rover because there is much side slip when the rovers start climbing the slope.
VII. DISCUSSIONS For these experiments, it is difficult to provide a quantitative result for describing the performance of one controller with respect to the other. Indeed, the performance depends on the terrain topology: for easy terrains the performance of both controllers is almost the same, whereas torque control performs better as the terrains become more challenging. However, very interesting behaviors of the torque controller have been systematically observed in all the experiments • For each wheel, the slip signal is scaled down when using torque control. Such a behaviour can be observed in Fig. 7 and Fig. 9 : the peaks are at the same places for both controllers but the amplitude is much smaller for the torque controller.
• The total slip of the rover is always smaller when using torque control. • Strong assumptions have been used during the development of the torque controller i.e. no slip and the wheels touch the ground all the time. During the experiments both assumptions have been violated but the system was able to recover and keep its stability, even in difficult situations such as depicted in Fig. 8 .
The simulations showed good results and promising perspectives. Furthermore, they allowed to detect potential problems and address implementation details. This is a step closer to the real application. Moreover, the design of a metallic tactile wheel is currently investigated. Such a design will not only provide precious information such as wheelground contact angles but also allow more drawbar-pull, especially in sandy terrains.
VIII. CONCLUSION
In this paper we have proposed a solution for wheelground contact angles measurement and a global control strategy minimizing wheel slip in rough terrain. The simulations show clearly the advantage of torque control versus speed control. Furthermore, the proposed method has the advantage to avoid relying on complex wheel-soil interaction models, whose parameters are unknown in challenging terrains.
The algorithms can be run online and the first prototype of tactile wheel showed good results. Thus, the success probability during the implementation phase on a real rover can be considered as high. Wheel slip (Experiment 2)
Front wheel slip (spd) Front wheel slip (trq) Rover total slip (spd, scaled) Rover total slip (trq, scaled) Fig. 9 Total slip and front wheel slip for an experiment of type two. The difference gets bigger as the rover deals with true rough terrain. Total slip is scaled by a factor of 800. At the end of the experiment, the torque controller performs 26% better than the speed controller.
